Purpose To study the effects of serum and growth factors on propagation of porcine male germline stem cells (MGSCs) in vitro and develop a culture system for these stem cells. Methods Fresh testicular cells from neonatal piglets were obtained by mechanical dissociation and collagenase-trypsin digestion. After differential plating, non-adhering cells were cultured in media supplemented with different concentrations of serum (0, 1 %, 2 %, 5 %, 10 %). After 10 days of primary culture, the cells were maintained in media supplemented with different concentrations of growth factors (basic fibroblast growth factor and epidermal growth factor at 1, 5, 10 ng/ml). The number of MGSC-derived colonies with different sizes was determined in each treatment to assess the effects of serum concentrations and growth factors. Results The number of MGSC-derived colonies was significantly higher in the presence of 1 % rather than 10 % fetal bovine serum (FBS). Basic fibroblast growth factor (bFGF) at 1, 5 ng/ml and epidermal growth factor (EGF) at 5, 10-ng/ml significantly promoted colony formation. Immunocytochemistry, reverse transcriptase-polymerase chain reaction (RT-PCR) and xenotransplantation assays demonstrated the presence of functional stem cells in cultured cell population.
Introduction
Spermatogenesis is a continuous process during which spermatogonia undergoes a series of highly organized events of proliferation, differentiation, meiosis and morphogenesis to form spermatozoa throughout the adult life of a male. This process of spermatogenesis is supported by male germline stem cells (MGSCs) which are comprised of gonocytes and spermatogonial stem cells (SSCs) [12, 13] . MGSCs can spontaneously form embryonic-like stem cells in vitro [28] and thus could be applied as a model to develop strategies for regenerative therapy for humans as embryonic stem cells (ES) or induced-pluripotent stem cells (iPS). The utilization of MGSC-derived pluripotent stem cells could avoid ethical controversies regarding the use of ES cells and also preclude the necessity of exogenous transcription factors for generating iPS from somatic cells [29] . In addition, human MGSCs would contribute to treatment for chemotherapy-induced infertility and therefore benefit cancer patients [11] . Corrections of defective genes in vitro before transplantation could be applied to either cure male infertility or eliminate transmission of mutant alleles which are responsible for genetic diseases. However, MGSCs are rare in number in testes [30] . Therefore, development of strategies for maintenance and expansion of MGSCs in vitro is a prerequisite to attain the great potential of MGSCs in agriculture and medicine.
Pigs have been established as a main non-rodent model for biomedical and pharmacological research because of their anatomical and functional similarities to humans and also because of the availability of disease models. The transfer of research findings obtained in pigs to humans is much more exact Capsule This study showed the optimum concentrations of serum and growth factors for propagation of porcine male germline stem cells (MGSCs) in vitro and finally established a culture system for these stem cells.
compared with other animal models [31] . However, few attempts have been done to develop porcine MGSC culture in vitro. Goel et al. enriched porcine gonocytes by discontinuous Percoll density gradient and cultured the resulting gonocytes for 1 week [8] . In another report, Goel et al. demonstrated the multipotential ability of porcine MGSCs from primary culture by xenotransplantation [7] . Kuijk et al. investigated the effects of growth factors on the primary-cultured testicular cells from piglets [20] . However, they did not xenotransplant the cultured cells to recipient mouse testes to detect MGSC potential.
In this present study, we isolated the MGSCs from testes of piglets, and compared the culture of MGSCs under different concentrations of serum. Furthermore, we studied the effects of growth factors on propagation of MGSCs in vitro. In our culture system, the proliferation of MGSCs from piglets was successfully maintained for 1 month. These cultured cells would facilitate the manipulation in vitro as well as studies in porcine SSC biology.
Materials and methods

Collection of porcine testes
All animal experimental procedures were approved by the Northwest A&F University's Institutional Animal Care and Use Committee. Testis samples were obtained from 1-weekold hybrid piglets, transported to the laboratory in Dulbecco's phosphate-buffered saline (DPBS) within 2 h.
Isolation of testicular cells from piglets
The collected testes were washed three times with DPBS. Tunica albuginea and collective tissues were removed, and testis tissues were minced into small pieces and incubated in Dulbecco's modified eagle medium (DMEM, high glucose; Hyclone, USA) supplemented with collagenase type IV (2 mg/ml; Invitrogen, USA) and DNase I (7 mg/ml; Bio Basic, Canada) for 60 min, at 37°C. The separate fragments of seminiferous tubule were washed three times with DPBS to remove interstitial cells and erythrocyte. To obtain single cell suspension, the resulting seminiferous tubules were incubated in 0.25 % (w/v) trypsin-EDTA (Hyclone, USA) for 5 min, at 37°C. The dispersed testicular cells were filtered through a 40 μm mesh. The single cell suspension was pelletted by centrifugation at 600 g for 5 min, and re-suspended in DMEM (high glucose; Hyclone, USA) supplemented with 1 % (v/v) fetal bovine serum (FBS; Hyclone, USA).
In vitro culture of porcine MGSCs
To study the effects of serum, the isolated testicular cells were subjected to differential plating to remove surplus somatic cells, then seeded on 12-well multidish (Corning, USA) at a density of 1×10 5 cells/cm 2 and cultured at 37°C in a humidified atmosphere of 5 % CO 2 in air. The basic culture medium was composed of DMEM (high glucose; Hyclone, USA) supplemented with 100 IU/ml penicillin (Hyclone, USA), 100-μg/ml streptomycin (Hyclone, USA), 1 % (v/v) non-essential amino acids (Sigma-Aldrich, USA), 1 % (v/v) L-glutamine (Invitrogen, USA) and 0.1 % (v/v) 2-mercaptoethanol (Invitrogen, USA). The cells were maintained in the basic culture medium supplemented with different concentrations of FBS (0, 1 %, 2 %, 5 %, 10 %; Hyclone, USA). The medium was changed every other day. After 10 days of primary culture, the number of MGSC-derived colonies in each treatment was determined.
To study the effects of growth factors, after 10 days of primary culture, MGSC-derived colonies were dissociated with 0.05 % (w/v) trypsin-EDTA (Hyclone, USA) and re-seeded on mitomycin C-treated autologous Sertoli cells at a density of 5×10 4 cells/cm 2 . The medium for subculture was the basic culture medium supplemented with 1 % FBS (Hyclone, USA) and different addition of growth factors-recombinant human basic fibroblast growth factor (bFGF; R&D Systems, USA) or epidermal growth factor (EGF; R&D Systems, USA) at 1, 5, 10 ng/ml. The medium was changed every other day. The number of MGSC-derived colonies in each treatment was counted after 10 days of subculture.
Based on the aforementioned observations, to develop a culture system for MGSCs, the isolated testicular cells were first maintained in the basic culture medium supplemented with 1 % FBS (Hyclone, USA) for 10 days and the MGSCderived colonies were subcultured in medium supplemented with 1 % FBS (Hyclone, USA), 5 ng/ml bFGF (R&D Systems, USA) and 10 ng/ml EGF (R&D Systems, USA). The medium was changed every other day, and the MGSCcolonies were passaged every 7 to 10 days. Digital images were made with Olympus IX71 (Olympus, Japan) inverted fluorescence microscope camera.
MGSC-derived colony assessment
MGSC-derived colonies were assessed by the method described by Abu Elhija et al. with a minor modification [1] . Briefly, cells were designated as colonies when no less than ten cells showing a spherical configuration and a large size aggregated, and colonies were further classified into small colonies (S, 10-50 cells), medium colonies (M, 50-100 cells) and large colonies (L, >100 cells). The total number of colonies was determined in each well of multidish.
Alkaline phosphatase (AP) activity
To detect the AP activity in MGSC-derived colonies, the medium was removed and cells were fixed in 2 % paraformaldehyde (PFA) for 10 min. Next, cells were washed three times with tris-buffered saline (TBS), and stained with BCIP/NBT AP substrate (TIANGEN, China) according to instructions of the manufacturer. After 1 h of incubation in dark, cells were viewed with Olympus IX71 (Olympus, Japan) inverted fluorescence microscope camera for AP staining.
Immunocytochemistry of cultured MGSCs
Cultured MGSCs were subjected to immunocytochemistry to detect expressions of MGSC markers. Cells were fixed in 2 % PFA for 10 min, washed three times with TBS, and permeabilized with 0.1 % Triton X-100 for 10 min. In order to block non-specific binding, after washing three times with TBS, cells were incubated with 10 % donkey serum in TBS for 2 h at room temperature. The primary antibodies used for immunocytochemistry included goat anti-UCHL1 (1: 200; Santa Cruz Biotechnology, USA), goat anti-PLZF (1: 100; Santa Cruz Biotechnology, USA), rabbit anti-THY1 (1: 300; Santa Cruz Biotechnology, USA) and rabbit anti-VASA (1: 400; Abcam, UK). Cells were incubated with one of the aforementioned primary antibodies at 4°C overnight. After overnight incubation, cells were washed three times with TBS and incubated with donkey anti-rabbit or donkey antigoat Texas Red-conjugated secondary antibody (1: 200; Santa Cruz Biotechnology, USA) for 30 min, at 37°C. After washing three times with TBS, cells were labeled with 4, 6-diamidino-2-phenylindole (DAPI, 1: 1000; Beyotime, China), and viewed with Olympus IX71 (Olympus, Japan) inverted fluorescence microscope camera.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of MGSCs
To detect the expression of marker genes of MGSCs, total RNA from freshly isolated MGSCs and cultured MGSC colonies was isolated by Trizol reagent (Invitrogen, USA), respectively. gDNA Eraser (RT reagent Kit With gDNA Eraser; TaKaRa, Japan) was used to eliminate contaminating genomic DNA, then RNA was reversely transcribed with RT Primer Mix and RT Enzyme Mix I (RT reagent Kit With gDNA Eraser; TaKaRa, Japan) according to instructions of the manufacturer. The amplification of resulting cDNA was carried out by conventional polymerase chain reaction (PCR), using Taq MasterMix (CWBIO, China). Specific primers for PCR and other relevant information were shown in Table 1 . The PCR products were run on 2 % agarose gels, stained with ethidium bromide (EB) and visualized under ultraviolet (UV) light.
Xenotransplantation of porcine MGSCs into immunodeficient mouse testes
Xenotransplantation assay was performed to probe the stem cell potential of MGSCs as previously described [10, 18] . Freshly isolated germ cells and cultured colonies were transplanted into testes of recipient Balb/c nude (nu/nu) mice, respectively. The recipient mice were treated with busulfan (40 mg/kg) 1 month before transplantation to devastate endogenous spermatogenesis. The injected donor cells were pre-labeled with fluorescent dye PKH26 (PKH26 Red Fluorescent Membrane Linker Dye; Sigma-Aldrich, USA), and re-suspended in DMEM (high glucose; Hyclone, USA) for xenotransplantation. Two months after transplantation, the recipient mouse testes were examined to detect the stem cell potential of MGSCs as PKH26-labeled cell colonies emanated from the donor MGSCs.
Statistical analyses
Overall statistical analyses were carried out by SPSS v17.0 software (SPSS, USA). Multiple comparisons were conducted using one-way analysis of variance (ANOVA) followed by least-significant difference (LSD) test. Data were presented as mean ± standard error of the mean (SEM) and differences were considered significant at P<0.05.
Results
Comparison of cultures under different serum concentrations
Freshly isolated testicular cells (Fig. 1a) were first subjected to differential plating to remove surplus somatic cells. The ratio of putative male germline stem cells (UCHL1 + cells) improved from 5 % to 16 % via differential plating. To probe the effect of serum on primary culture of testicular cells from piglets, non-adhering cells were cultured in media supplemented with different concentrations of serum (0, 1 %, 2 %, 5 %, 10 %). With time, MGSC-derived colonies (Fig. 1b) , which showed AP activity (Fig. 1c) , formed in all treatment groups except the one without serum. Colonies were classified into three categories according to their sizes (Fig. 1d-f ). There was no marked difference among groups for the number of either medium or large colonies. However, small colonies formed in the group of 10 % FBS were significantly fewer than those developed in the group of 1 % FBS, though the numbers of small colonies were not significantly different among other groups (Fig. 2) . Consequently, 1 % FBS in media was used for further explorations.
Effects of growth factors on in vitro propagation of porcine MGSCs
In order to study the effects of growth factors on in vitro propagation of porcine MGSCs, the subculturing cells were maintained in media supplemented with different concentrations of growth factors. Accordingly, the number of MGSC-derived colonies with different sizes was determined in each group after 10 days. Rather unexpectedly, no colony formation was observed at the concentration of 10 ng/ml bFGF. Compared with the control group (no addition of growth factors), more large colonies developed in treatment groups with either bFGF at 1, 5 ng/ml or EGF at 5, 10 ng/ml, and the maximum number of large colonies was shown at dose of 10 ng/ml EGF. There was no significant difference between the control group and the group with the addition of 1 ng/ml EGF in terms of the number of colonies (Fig. 3) .
Immunocytochemical analysis of cultured MGSCs
Immunocytochemical staining was applied for characterization of MGSC-derived colonies with different sizes. Markers for undifferentiated spermatogonia from piglets, UCHL1, PLZF [23] and THY1 [20] , were expressed in the colonies. VASA, a marker of differentiating spermatogonia [22] , was also expressed in the colonies (Fig. 4) . These observations indicated that the MGSC-derived colonies were mixtures of undifferentiated and differentiating spermatogonia.
RT-PCR analysis of MGSCs
To detect the transcripts of markers for MGSCs, RNA was isolated from fresh testicular cells (after differential plating) and MGSC-derived colonies after 20 days of culture. RT-PCR analysis demonstrated that UCHL1, PLZF and NANOG, which characterized undifferentiated spermatogonia in pigs [6, 23] , were expressed in fresh testicular cells and cultured MGSCs (Fig. 5) . Xenotransplantation assay of porcine MGSCs A xenotransplantation technique was performed ultimately to evaluate the stem cell potential of isolated germ cells and cultured MGSCs. To make the donor cells discernible after transplantation, cells were pre-labeled with a red fluorescent dye PKH26. Both freshly isolated cells and MGSCs after 1 month of culture colonized in the busulfan-treated recipient mouse testes 2 months after transplantation (Fig. 6 ), indicating that cultured cells still possessed stem cell potential. In addition, no tumor or teratoma formation was observed in any of the recipient mice.
Discussion
Male infertility has been an issue concerning human health. MGSCs are of great potential for restoration of male fertility. In addition, it is promising to apply MGSCs for generating transgenic animals, especially those with improved productivity, enormously commercial and medical value. Since neither a porcine SSC line nor a long-term culture of porcine SSCs is currently available to provide abundant cells for research, our successful attempt that maintained in vitro propagation of porcine MGSCs for 1 month would facilitate studies in porcine SSCs.
In this study, we compared the primary culture of MGSCs under different serum concentrations. Serum plays an important role in cell culture as it provides basic nutrition as well as multiple hormones and cytokines to stimulate cell proliferation, and shields cells from physical or chemical impairment. However, serum complicates culture system as it contains undefined factors and often varies from batch to batch [4, 14, 15, 24] . In addition, high concentration of serum in culture resulted in overwhelming somatic cells and abrogated proliferation of germ cells in mice and goats [3, 15] . Therefore, it is reasonable to reduce serum concentration. Our results showed that 10 % FBS indeed reduced MGSC colony formation, while a serum concentration as low as 1 % could maintain the propagation of porcine MGSCs at a comparable efficacy. In future, the specific components of serum as well as its interactions with culture microenvironment need to be further probed, and the application of Knockout Serum Replacement (KSR) could be taken into account to establish long-term cultures of porcine MGSCs.
Next, we studied the effects of growth factors on propagation of porcine MGSCs in vitro. To reduce the interference of somatic cells, the subculturing MGSCs are maintained in media supplemented with growth factors. Glial cell linederived neurotrophic factor (GDNF) has far been demonstrated to play vital roles in SSC self-renewal and long-term cultures of SSCs across species [2, 9, 16, 17, 19, 21, [25] [26] [27] 32] . However, we observed that GDNF showed little positive effects on porcine MGSC colony formation (data not shown), which is in line with the previous report by Kuijk et al. [20] . Otherwise, little is known about the effects of other growth factors on cultured SSCs from domestic animals including pigs. In our study, the number of large colonies significantly increased in experimental groups with EGF at 5, 10 ng/ml, and when the dose of EGF increased to 10 ng/ml, the number of large colonies reached a peak. This is in agreement with the previous findings describing the positive effects of EGF on the cultured SSCs from mice, rats and pigs [15, 20, 25] .
bFGF, as well as EGF, has far been used to stimulate in vitro proliferation of MGSCs from mice, rats, pigs and bulls [2, 15, 19, 20, 25] . In our study, despite the addition of bFGF at 1, 5 ng/ml significantly promoted the formation of large colonies, a devastating effect of bFGF at 10 ng/ml was observed. This is inconsistent with the previous report [20] . From our perspective, this discrepancy might be due to differences in ages, species, culture conditions and cytokine manufacturers.
Using xenotransplantation assay, the presence of functional stem cells among cultured cell population was corroborated. Only cells with stem cell potential are able to colonize on the basement membrane of recipient seminiferous tubules after transplantation [5] . In the present study, MGSCs after 1 month of culture as well as freshly isolated germ cells colonized in the recipient mouse testes 2 months after transplantation. To our knowledge, it is the first time to colonize the mouse seminiferous tubules with subcultured porcine MGSCs. Our endeavor will contribute to the establishment of a long-term culture of porcine MGSCs as well as the manipulation of stem cells in vitro.
